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Abstract

Diagonal bracing members and their connections to beams and columns are the key lateral resisting 
components in concentrically braced frames (CBFs). Although gusset plate connections are widely 
used to connect bracing and frame members in such systems, their design often involves significant 
simplifications and idealisations due to the complexity of their behaviour under seismic loading. A 
conventional approach, which utilises a standard linear clearance zone that permits out-of-plane 
brace deformation, is typically used in the design of gusset plates. This approach, which aims to 
obtain strong, stiff gusset plates that do not exhibit yielding or buckling along the axis of the brace 
member, leads to conservative design, yet can result in overly large connections with cumbersome 
details. The desire to achieve an improved balance between the gusset over-strength, on the one 
hand, and a favourable overall frame performance coupled with practical connection detailing, on 
the other, has prompted proposals for an improved design approach. However, before new 
recommendations on the design of gusset plate connections can be provided for use in codified 
guidance, there is a need to assess the performance of such detailing alternatives under realistic 
earthquake loading conditions. Accordingly, in this study, the performance of different brace 
connection configurations and gusset plate designs are examined using shake table testing. The 
paper describes twelve single-storey full scale shake table tests, which were performed on the 
AZALEE seismic testing facility at CEA Saclay. In seven of these tests, the gusset plates at the end of 
the brace members were connected to both beam and column flanges, while in the other five tests 
these were connected to the beam flange only. Conventional gusset plate design with a standard 
linear clearance was used for six tests, whereas a more balanced design with a nonlinear elliptical 
clearance detail was used for the others. The experimental set-up, specimen details, and loading 
procedures are presented, together with a detailed account of the results and observations. The 
main findings and their implication on the performance at the local component, as well as the overall 
frame levels, are highlighted. In particular, it is shown that, provided a number of recommendations 
are followed, the balanced design approach using a nonlinear clearance can enhance the overall drift 
capacity, whilst maintaining control of the failure mode within the bracing member.
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1 Introduction
Concentrically braced frames (CBFs) are widely used as lateral resisting systems. They can provide 
stiff, strong and ductile frames with relatively low cost. Diagonal braces in CBFs are designed to resist 
large axial forces that are transferred through other frame members in many cases through the use 
of gusset plate connections. CBFs are typically designed such that brace yielding in tension and 
buckling in compression are the main sources for dissipating energy during a severe seismic event 
(Tremblay 2002, Elghazouli 2010, Okazaki et al. 2011). The buckling behaviour of the braces depends 
upon the characteristics of the gusset plate connection, especially its out-of-plane bending stiffness. 
Traditionally, most of the ductility in CBFs is assumed to be provided by the inelastic behaviour of the 
bracing members, while that of the gusset plates is disregarded.

In Eurocode 8 (CEN 2004), only the resistance of the tension braces is typically included in the 
analysis of seismic action effects for conventional diagonal bracing systems. On the other hand, for V-
CBFs or inverted V-CBFs both compression and tension diagonals are considered (Sen et al. 2016). 
Because brace compression resistance need not be taken into account for diagonal bracing frames in 
most cases, European design practice tends to employ bracing members that are more slender than 
those encountered in other regions where brace compression strength contributes to the design 
lateral resistance of the CBF. In accordance with capacity design procedures, the diagonal brace 
members are identified as the dissipative elements of the CBF, and the structural design must ensure 
that yielding occurs in these elements before failure occurs in the connections, and before yielding or 
buckling occurs in the beams and columns (Elghazouli 2016). To obtain the required design resistance 
of these non-dissipative structural components, the design resistance of the brace member is 
increased by an ‘overstrength’ factor, and force equilibrium is used to determine a consistent set of 
forces in beams, columns and connections. Thus, these elements are provided with sufficient 
resistance to avoid failure. In addition, the detailed design of the CBF must ensure that the expected 
yielding mechanism occurs, and remains stable within the anticipated range of seismic drift.

As noted above, gusset plates are commonly used to connect diagonal braces to other members of 
the frame. They are typically aligned in-plane with the frame in a vertical direction. Whether the 
compression braces buckle in the vertical or horizontal plane is primarily dependent on the 
orientation of the section shape and the brace end restraints provided by the gusset plate. For out-
of-plane brace buckling, member end rotations induce weak axis bending in the gusset plate. At large 
storey drifts, the end rotation in the post-buckled brace is accommodated by the formation of plastic 
hinges in the gusset plates (Cochran 2003). To permit this, a free length is incorporated in the gusset 
plate perpendicular to the end of the brace and the assumed line of restraint as shown in Figure 1 
(a). This gusset design method is known as the Standard Linear Clearance (SLC) model. The 
recommended size of the free length is typically between 2tp and 4tp, where tp represents the gusset 
plate thickness. 

The SLC method requires that the gusset plate should remain elastic in tension and able to sustain 
ductile out-of-plane bending in compression, while the connection itself is not considered as a 
potential dissipative zone. Moreover, all gusset plates should be capacity designed to ensure that the 
tension and compression resistances of the connection are greater than those of the brace member. 
Cumulatively, however, these requirements can lead to large gusset plates that are uneconomical 
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and can induce premature damage in other connection elements and frame members  (Uriz and 
Mahin 2004).

(a) (b)

Figure 1 :(a) Standard Linear Clearance design method with clearance length N times the plate 
thickness (tp) and, (b) Elliptical clearance geometrical layout where the plastic hinge length is N times 
the plate thickness (tp).
In order to achieve improved and more reliable overall CBF behaviour, previous studies have 
proposed the introduction of limited tensile yielding in carefully sized and detailed gusset plates 
using a balanced design approach (Roeder 2002). Following the conventional capacity design 
approach, a yielding hierarchy is established in which the strengths of energy-dissipating elements 
are evaluated and other structural elements are provided with adequate reserve capacities through 
the use of appropriate overstrength factors. In the case of CBFs, the overstrength tensile resistance 
of the braces is used to identify the required connection capacity to ensure that the diagonal 
member yields before the connection. This modular view of CBF design does not directly consider the 
potentially brittle behaviour of proportionally stronger and stiffer connections under low cycle 
fatigue conditions. Furthermore, this approach does not differentiate between various connection 
failure modes which are all required to have the same overstrength resistance. In contrast, the 
balanced design develops the capacity design approach through the balancing of yield mechanisms in 
both the brace and the connection. The methodology distinguishes between yielding of an element 
which implies significant changes in stiffness and inelastic deformation, while maintaining reasonably 
stable resistance, and failure modes leading to fracture initiation, which imply reduced resistance 
and inelastic deformation capacity. For the CBFs considered in this paper, the desirable yield 
mechanism hierarchy can be summarised as:

Brace Buckling < Brace Yielding < Connection Yielding < Brace Tearing (1)

When the balanced design method is applied to the design of CBFs, gusset plate yielding is 
permitted, requiring smaller and thinner gusset plates. In an extensive experimental programme of 
quasi-static cyclic tests on Special CBFs (SCBFs) designed to US codes, Roeder et al. (2011a) found 
that the balanced design method greatly increases the overall deformation capacity. When the 
balanced design method was implemented with rectangular gusset plates, a 46% increase in drift 
capacity was obtained. A smaller increase in drift capacity was observed for tapered gusset plates 
because tapered plates sustain greater damage due to their reduced reserve capacity. While smaller 
and thinner gusset plates offer potentially a more ductile global CBF response, they are more 
susceptible to plate buckling in compression, which is an unacceptable failure mode. This is 
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addressed by an alternative detailing proposal (Roeder et al. 2006), which aims at achieving an 
elliptical yield line configuration in the gusset plate, rather than the conventional SLC detail. This 
leads to smaller overall gusset plate dimensions, shorter effective lengths and increased plate 
buckling resistance. This elliptical clearance (EC) offset from the beam and column edges is shown in 
Figure 1 (b) as N times the plate thickness. Lehman et al. (2008) and Roeder et al. (2011b) observed 
that specimens with a clear length of 8tp performed well, achieving large drift capacities without 
weld fracture.

It should be noted that most studies carried out to date have involved simplified quasi-static testing 
conditions, and there is, therefore, a need to assess the performance under realistic earthquake 
loading conditions. Although several research investigations have included shake table testing of CBF 
systems, e.g. (Elghazouli et al. 2005, Broderick et al. 2008), these have mainly focused on the 
behaviour of the bracing members and adopted idealised end connection details. In this paper, full 
scale shake table tests on 12 single storey CBF systems are described. Within these tests, seven 
frames had the gusset plates connected to the beam and column flanges, while in the other five tests 
they were connected to the beam flange only. Conventional design with standard linear clearance 
was used for six tests and a more balanced design with a nonlinear elliptical clearance was used for 
the others. The experimental set-up, specimen details, and loading procedures are presented, 
together with a detailed account of the results and observations. The main findings and their 
implication on the performance at the local component, as well as the overall frame levels are 
highlighted. 

2 Experimental arrangements

2.1 Shake-table set-up
Twelve shake table tests were carried out using different pairs of bracing members and different 
connection configurations. The tests were carried out at the TAMARIS Laboratory in the Laboratoire 
d'Etudes de Mécanique Sismique (EMSI) at CEA Saclay, France, on the AZALEE shake table. The shake 
table test setup is shown in Figure 2 and Figure 3.

Four different brace cross-section sizes were used: 80×80×3.0 SHS (S1), 100×50×3.0 RHS (S2), 
80×40×3.0 RHS (S3) and 60×60×3.0 SHS (S4), in which SHS and RHS refer to square and rectangular 
steel hollow sections, respectively. Two connection types were used: gusset connected to beam and 
column flanges (CA) and gusset connected to the beam flange only (CB).

Both of the SLC (linear) and EC (elliptical) gusset plate design methods, referred to as G1 and G2, 
respectively, were applied to each of the four brace cross-section sizes and the two connection types, 
CA and CB. Table 1 gives the specimen dimensions in each test. Full details of the shake table test 
programme are available in the research report by Broderick et al. (2013) and Hunt (2013). In the 
following sections of this paper, the design of the brace-gusset plate test specimens is discussed.
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Figure 2: Test frame without added masses showing pair of brace-gusset plate specimens and the 
swivel bearing with load cells used to attach lower end of brace members to shake table platform 
(Broderick et al. 2013).

Table 1: Specimen geometric properties and natural period of the shake table test frames.

Test 
#

Brace-
Gusset 
Plate 

Specimen 
ID

Brace Cross 
Section 

Dimensions 
(mm)

Gusset 
Plate 

Thickness 
(mm)

Brace 
nominal 

area 
(mm2)

Brace 
Length 
(mm)

b/t

Non 
Dimensional 
Slenderness

𝜆

Frame 
Natural 
Period 

(s)

1 S1-CA-G1 80 × 80 × 3.0 12 915 2413 26.67 1.04 0.216
2 S3-CA-G1 80 × 40 × 3.0 8 674 2427 26.67 2.03 0.235
3 S4-CA-G1 60 × 60 × 3.0 8 674 2425 20.00 1.35 0.225
4 S2-CA-G1 100 × 50 × 3.0 12 854 2413 33.33 1.49 0.222
5 S1-CA-G2 80 × 80 × 3.0 5 915 2502 26.67 1.03 0.219
6 S2-CA-G2 100 × 50 × 3.0 4 854 2509 33.33 1.55 0.225
7 S3-CA-G2 80 × 40 × 3.0 4 674 2504 26.67 2.05 0.246
8 S1-CB-G1 80 × 80 × 3.0 12 915 2395 26.67 0.98 0.226
9 S2-CB-G1 100 × 50 × 3.0 12 854 2395 33.33 1.48 0.258

10 S4-CB-G2 60 × 60 × 3.0 4 674 2437 20.00 1.36 0.242
11 S2-CB-G2 100 × 50 × 3.0 4 854 2433 33.33 1.5 0.220
12 S3-CB-G2 80 × 40 × 3.0 4 674 2420 26.67 1.99 0.246
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Figure 3: Plan and elevation of test frame (dimensions in mm) - CA and CB connections are shown for 
illustration; identical brace specimen pairs were used in all tests (Broderick et al. 2013).

2.2 Specimen details
The design of the brace-gusset plate specimens comprised of two main components: bracing 
member design and gusset plate design. Material characteristic strengths were obtained by 
performing coupon tests on the brace tube and gusset plates, with the average tensile yield 
strengths of both the bracing and gusset plate elements presented in Table 2. Further details on the 
strength capacities and testing details for all specimens can be found in Broderick et al. (2015).

2.2.1 Bracing members
Twelve brace tube pairs were designed using four different cross-section sizes, two connection types 
(CA and CB) and two gusset plate types (G1 and G2), as indicated in Table 1. S235 JRH steel with a 
nominal design yield strength, fy = 235 N/mm2 was specified for all tube lengths. This grade was 
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selected to restrict the ultimate tensile resistance of the brace specimens, while also ensuring that 
the non-dimensional slenderness, , complied with the limits specified for bracing members in 𝜆
Eurocode 8 (CEN 2004). As mentioned earlier, the actual material properties of the test specimens 
were obtained by performing material characteristic strength tests on coupon samples taken from 
the brace tube lengths (Table 2).

2.2.2 Gusset plates
Standard gusset plate design rules are only addressed conceptually in Eurocode 8 (CEN 2004). Hence, 
specimen detailing was based on other available and current literature as suggested by Elghazouli 
(2016). For both of the connection types (CA and CB) considered in the experimental programme, 
two gusset plate design methods were investigated; the conventional design method, G1, and the 
balanced design method, G2. For specimens designed using the conventional method, the Standard 
Linear Clearance (SLC) model (AISC 2010) is used to detail the gusset plate to ensure that a stable 
plastic hinge forms in the gusset plate during brace buckling. For all SLC (G1) specimens, a free length 
of 3tp was employed as recommended by Astaneh-Asl et al. (1981) and Cochran (2003). Examples of 
gusset plate details using the SLC method are shown in Figure 4a and Figure 4c. For specimens 
designed using the balanced approach, the Elliptical Clearance (EC) method (Lehman et al. 2008) was 
used to detail the gusset plate. The EC method leads to more compact gusset plates than the SLC 
method, providing the shorter plate buckling lengths necessary to avoid buckling in the thinner 
gusset plates that are a feature of the balanced design approach. Lehman et al. (2008) and Roeder et 
al.(2011b) observed that specimens with an elliptical clear length of 8tp performed well, achieving 
large drift capacities without weld fracture. Consequently this clear length was detailed in all EC (G2) 
gusset plate specimens. Examples of gusset plate details using the EC method are shown in Figure 4b 
and Figure 4d. 

(a) S1-CA-G1 (tp = 12 mm) (b) S1-CA-G2 (tp = 5 mm) (c) S2-CB-G1 (tp = 12 mm) (d) S2-CB-G2 (tp = 4 mm)

Figure 4: Illustrative details of four gusset/connection designs: (a) CA-G1, (b) CA-G2, (c) CB-G1, and 
(d) CB-G2. [Note: CA = connection to beam and column; CB = connection to beam only; G1 = 
conventional design for gusset plates; G2 = balanced design for gusset plates]

The initial overall dimensions of the gusset plate lh and lv (e.g. Figure 4a) were determined based on 
the alignment of the brace centreline with the intersection of the beam and column centrelines and 
the weld lengths connecting the flange end plates to the gusset plate. The length of the welds 
connecting the brace to the gusset plate was specified to be 150 mm for all specimens. The welds 
and bolts joining the gusset plates to the beam or column members were considered critical 
connection components and were designed to resist the shear, bearing and tensile forces transferred 
from the largest brace size (S1: 80x80x3SHS) multiplied by an overstrength factor of 2.0.
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The concept of balancing the primary yield mechanism (brace tensile yielding) and secondary yield 
mechanism (gusset yielding) has been encapsulated using the balance factor  as follows: 𝛽𝑤𝑤

𝛽𝑤𝑤 =  
𝑅𝑦,𝑏𝑟𝑎𝑐𝑒𝐹𝑦,𝑏𝑟𝑎𝑐𝑒𝐴𝑛𝑒𝑡,𝑏𝑟𝑎𝑐𝑒

𝑅𝑦,𝑔𝑢𝑠𝑠𝑒𝑡𝐹𝑦,𝑔𝑢𝑠𝑠𝑒𝑡𝑏𝑤𝑡𝑝
(2)

The Ry value is the ratio of the expected yield stress to the specified minimum yield stress of the steel 
material. In specimens used by Lehman et al. (2008), the materials used were ASTM A500 for HSS 
sections and ASTM A572 for gusset plates with Ry,brace = 1.4 and Ry,gusset = 1.1, respectively. To 
maintain fidelity with these results, the values from Table A3.1 in AISC Seismic Provisions (AISC 2010) 
are used in calculating  ratios for the specimens in the shake table tests.𝛽𝑤𝑤

The conservative nature of the G1 gusset designs resulted in low (0.24-0.38)  values. Higher  𝛽𝑤𝑤 𝛽𝑤𝑤

values (0.64-0.73) was achieved in the G2 designs by specifying thinner gusset plates and employing 
the more compact EC detailing rather than the SLC detailing used in the G1 specimens (see Table 2). 
The SLC method resulted in relatively large, thick gusset plates (8-12mm), while thinner plates are 
designed in EC method (4-5mm) as shown in Table 1.

Table 2: Specimen strength and resistance properties and balance factors 
Test # Specimen 

ID
Brace  
Yield 

Strength 
(MPa)

Gusset Plate 
Yield 

Strength 
(MPa)

Brace Yield 
Resistance 

(kN)

Gusset Plate 
Yield 

Resistance 
(kN)

Balance 
Factor

βww

1 S1-CA-G1 372 369 341 1121 0.30
2 S3-CA-G1 384 337 259 683 0.38
3 S4-CA-G1 347 337 234 629 0.37
4 S2-CA-G1 341 369 292 1210 0.24
5 S1-CA-G2 338 336 309 425 0.73
6 S2-CA-G2 342 388 292 424 0.69
7 S3-CA-G2 370 388 250 393 0.64
8 S1-CB-G1 336 369 308 1121 0.27
9 S2-CB-G1 340 369 290 1210 0.24

10 S4-CB-G2 347 388 234 362 0.65
11 S2-CB-G2 341 388 292 424 0.69
12 S3-CB-G2 370 388 250 393 0.64

2.3 Connection type
The behaviour of the brace-gusset element is not only dependent on its out-of-plane and axial 
stiffness, but also on the manner in which this element is connected to other parts of the CBF. Figure 
5 illustrates the two connection configurations investigated in this study. In cases where the gusset 
plate is connected to both beam and column flanges (‘CA’ type), for a tensile brace load, the plate 
experiences tensile strains in the direction of the brace and compressive strains induced by the 
lateral deformation of the frame (which causes the beam-column connection angle to close). For a 
compression brace load, the connection angle opens and these strains are reversed, while the 
connection to both beam and column restrains out-of-plane plate rotation. In the case where the 
gusset is connected to the beam flange only (‘CB’ type), secondary strains are not induced due to 
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changes in the beam-column connection angle and free plate rotation is permitted in the out-of-
plane direction.

(a) (b)
Figure 5: Connection types investigated: (a) gusset plate joined to beam and column (CA), and (b) 

gusset plate joined to beam only (CB)

The frame beam-to-column connection stiffness is also affected by the characteristics of the gusset 
plate connection. While in general design practice, the connections in CBFs are considered to be 
pinned connections, CA type connections can effectively increase the depth of the beam-column 
joint, leading to substantial rotational stiffness and resistance. The additional restraint provided by 
the CA connection (high stiffness) increases the overall stiffness of the frame with the CB type 
connection (low stiffness) only transferring axial, shear and bending forces to the beam. 

3 Test results
In the experimental programme, the behaviour of the test frame and each pair of brace-gusset plate 
specimens was examined under three different levels of earthquake excitation to evaluate elastic 
frame response, brace buckling and yielding effects, and brace fracture (Broderick et al. 2015). The 
three earthquake intensities in these tests were characterised as an operating basis earthquake 
(OBE), a contingency level earthquake (CLE) and a maximum credible earthquake (MCE). The focus in 
this paper is on the high-level MCE excitation tests that examined large ductility demands and 
ultimate brace fracture. 

In all earthquake tests, uniaxial table excitations were employed, and the same earthquake record 
was applied in each test to ensure consistency and facilitate inter-test comparisons. The record used 
was the El Centro ground motion (NGA #0006 in the PEER NGA Database (PEER 2011)), recorded at 
Imperial Valley (California, USA) during the 1940 earthquake. The scaled peak ground accelerations 
(pga) targeted to the shake table, as well as the actual maximum table accelerations imposed during 
each test are shown in Table 3. Figure 8 to Figure 12 present the elastic displacement and 
acceleration response spectra of the actual shake table motion imposed in each test. These figures 
compare the excitations imposed in pairs of tests that investigated brace-gusset plate specimens 
with the same brace cross-section but different connection types or design methods. The 
performances of the test frame and specimens in these pairs of tests are compared in later sections. 
Figure 8 to Figure 12 confirm that for the range of measured natural periods displayed in Table 3, 
almost identical elastic displacement response demands were experienced in the two tests in each 
pair, and only limited differences in acceleration response demands are observable.
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Table 3: Measured test frame natural periods and peak ground motions (pga) in MCE test runs

Specimen ID
Initial frame 

natural 
period 

Frame natural 
period before 

test

Target test 
pga

Actual test 
pgaTest #

(s) (s)  (g)  (g)
1 S1-CA-G1 0.216 0.218 0.60 0.63+

2 S3-CA-G1 0.235 0.302 0.44 0.51
2* S3-CA-G1 0.235 0.552 0.60 0.67
3 S4-CA-G1 0.225 0.235 0.41 0.43

3* S4-CA-G1 0.225 0.372 0.55 0.72
4 S2-CA-G1 0.222 0.246 0.57 0.65+

5 S1-CA-G2 0.219 0.246 0.60 0.77+

6 S2-CA-G2 0.225 0.262 0.57 0.81+

7 S3-CA-G2 0.246 0.421 0.44 0.58
7* S3-CA-G2 0.246 0.667 0.60 0.56
8 S1-CB-G1 0.225 0.225 0.60 0.825+

9 S2-CB-G1 0.258 0.452 0.45 0.42+

10 S4-CB-G2 0.242 0.296 0.41 0.50
10* S4-CB-G2 0.242 0.800 0.55 0.75
11 S2-CB-G2 0.220 0.364 0.57 0.68+

12 S3-CB-G2 0.246 0.842 0.44 0.47+

+ Fracture in one or both braces was observed during the maximum credible earthquake excitation run.
*Additional test run performed to induce full brace fracture.

A fully inelastic response was observed in all MCE excitation tests, with brace buckling and yielding 
followed in most cases by fracture in one of the braces. As brace fracture did not occur in Tests 2, 3, 
7 and 10, an additional test run with a higher pga was performed to cause brace fracture (Tests 2*, 
3*, 7* and 10* in Table 3). The tests were terminated upon the occurrence of fracture in one of the 
braces. The gusset plates typically displayed a yield pattern consistent with the formation of a plastic 
hinge in the gusset plate to accommodate large out-of-plane brace buckling deformations. No gusset 
plate failures (plate fracture, weld or bolt failure) were observed in any test, validating the capacity 
design and overstrength procedures employed (CEN 2004, AISC 2005). Illustrations of the yield 
pattern and plastic hinging observed in the gusset plates are shown in Figure 6. More detailed 
descriptions of the observed brace fracture mechanisms and gusset plate yielding patterns are given 
in Broderick et al (2013) and Hunt (2013).

(a) (b) (c)
Figure 6: (a, b) Plastic hinging in G2-type gusset plate, (c) yield pattern in G1-type gusset plate.
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3.1 Test frame stiffness and drift demand
The fundamental natural period of the test frame was measured in low-level (< 0.05g pga) white 
noise shake table excitation tests. The initial natural period was measured after the installation of the 
new pair of brace-gusset plate specimens examined in each test, and the natural period was re-
evaluated following the OBE, CLE and MCE tests. Measurement of the natural period after the MCE 
test was only possible when brace fracture had not occurred (i.e. in Tests 2, 3, 7 and 10).

Table 3 presents the initial natural periods of the test frames and the natural periods measured 
immediately before each high-level excitation test. These values are inversely proportional to the 
lateral stiffness of the test frame (as the natural period T = 2π/(k/m)0.5, in which k and m are the 
frame stiffness and mass, respectively). The initial natural periods indicate that the form and design 
of the gusset plate connection has some effect on initial frame stiffness. Comparison of the values for 
pairs of tests with identical brace cross-section sizes but different connection types or gusset plate 
detailing methods (e.g. Tests 1 and 5) shows that the balanced design approach (G2 specimens) leads 
to initial frame stiffnesses that are 3-10% lower than those observed with conventionally-designed 
gusset plates (G1 specimens). Similarly, connecting the gusset plate to the beam only (CB type), 
rather than both the beam and the column (CA type) reduces initial frame stiffness by between 10 
and 35%.

The maximum drift, dr, observed in each shake table test is presented in Table 4, with the measured 
lateral frame displacement response histories presented in Figure 7. Plots obtained from pairs of 
tests with the same brace cross-section size are presented side-by-side for ease of comparison. 
Differences in the amplitudes of the drift responses in these test pairs are largely attributable to the 
different natural periods/stiffnesses and actual table pga values shown in Table 3. In this regard, the 
frame stiffness indicated by the natural period measured immediately before each test run are more 
relevant than that given by the initial natural period, with the differences between these two values 
being associated with the unique response histories experienced in the preceding low- and medium-
level excitation tests (Hunt 2013, Broderick et al. 2015). Some of the drift time-histories shown in 
Figure 7 display significant lengthening in natural period during individual tests (e.g. Tests 4 and 5), 
and between consecutive test runs (e.g. Tests 2 and 2*). This is mainly attributable to permanent 
inelastic brace deformation, as discussed later.

3.2 Lateral load-displacement response 
The measured hysteretic responses of the model CBF test frame (normalised storey shear forces 
versus lateral frame drift) are presented in Figure 7. The storey shear forces shown in these plots 
were obtained using brace axial force data measured using two load cells, and have been normalised 
by the horizontal component of the brace tension yield resistance of the test specimens in each test 
(Table 2). The maximum normalised storey shears generally lie in the range 1.2-1.4, reflecting 
expected fu/fy material overstrength ratios. In early strong-motion phases of a few tests (Tests 3, 5 
and 8), this ratio approaches or reaches 2 due to the combined resistances of the tension brace and 
the pre-buckled compression brace. While this behaviour has implications for the overstrength 
requirements of non-dissipative CBF elements, it does not seem to be associated with any particular 
connection type or gusset plate design approach.
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The hysteretic response plots display varying numbers of loops, each corresponding to a large 
amplitude drift cycle in the transient displacement demand histories. The size of each of these loops 
mainly reflects the axial force – elongation response of the tension brace. The area under the loops 
represents the energy dissipated by the bracing system, which ultimately depends on the ductility 
capacity of the bracing members. Good energy dissipation characteristics are displayed in the 
hysteresis plots from Tests 7, 10, 11 and 12 which examined the behaviour of G2 specimens with 
gusset plates designed using the balanced design approach. The slenderness of the brace members 
examined in these tests leads to low post-buckling brace resistances, hence the compression brace 
contributes much less than the tension brace to the total energy dissipation. Typically, however, the 
overall ductility capacity of hollow section bracing members is strongly influenced by their 
compression behaviour, with initial brace fracture occurring due to local buckling in the plastic hinge 
that forms at mid-length following brace buckling.

Energy dissipation is less evident when the storey drift response remains less than 1% of the storey 
height (e.g. Test 2) and when the drift response is asymmetric (e.g. Test 7*), which causes one brace 
to remain in a post-buckled state throughout most of the test. Previous quasi-static testing of bracing 
members and braced frames has shown that the inelastic resistance of brace members displays a 
strong displacement history dependency (Goggins et al. 2006). This behaviour is reflected in some of 
the dynamic hysteresis responses shown in Figure 7 (e.g. Test 2*) when following an initial strong 
motion phase of the excitation, total frame stiffness and resistance may remain low until the drift 
demand increases sufficiently to cause the post-buckled brace to straighten and resist tension force. 
The characteristics of the hysteretic response plots are therefore strongly influenced by the 
displacement demands imposed throughout the individual tests, which are in turn influenced by the 
stiffness/natural frequency of the test frames and the amplitude of the table excitation, as discussed 
in the previous section. Nevertheless comparison of the hysteresis plots obtained in tests on 
specimens with EC (G2) and SLC (G1) gusset plates suggests that the balanced design approach 
provides improved energy dissipation potential. The ductility capacity and energy dissipation 
capabilities of the test frame are quantified at system level in the following sections.

 

Test 1: S1-CA-G1 Test 5: S1-CA-G2 

(a) (b)
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Test 2: S3-CA-G1 Test 7: S3-CA-G2 

Test 2*: S3-CA-G1 Test7*: S3-CA-G2

(c) (d)

(g) (h)

(e) (f)
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Test 4: S2-CA-G1 Test 6: S2-CA-G2

Test 3: S4-CA-G1 Test 10: S4-CB-G2 

  

Test 3*: S4-CA-G1 Test 10*: S4-CB-G2

(k) (l)

(i) (j)
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Test 9: S2-CB-G1 Test 11: S2-CB-G2 

 

Test 8: S1-CB-G1 Test 12: S3-CB-G2
Figure 7: Storey shear-drift hysteresis response of the model CBF test frame with different brace-
gusset plate specimens subjected to most credible earthquake (MCE) excitations. (*indicates an 
additional test run to failure)

(a) (b)
Figure 8: Comparison of the (a) displacement and (b) acceleration elastic response spectra for MCE of 
test frame specimens S1-GA-G1 and S1-GA-G2, where G1 = conventional design method for gusset 
plates; G2 = balanced design method for gusset plates.

(m) (n)

(o) (p)
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(a) (b)
Figure 9: Comparison of the (a) displacement and (b) acceleration elastic response spectra for MCE of 
test frame specimens S3-CA-G1 and S3-CA-G2, where G1 = conventional design method for gusset 
plates; G2 = balanced design method for gusset plates.

(a) (b)
Figure 10: Comparison of the (a) displacement and (b) acceleration elastic response spectra for the 
second MCE to cause failure in one or both brace members of test frame specimens S3-CA-G1 and 
S3-CA-G2, where G1 = conventional design method for gusset plates; G2 = balanced design method 
for gusset plates.

(a) (b)
Figure 11: Comparison of the (a) displacement and (b) acceleration elastic response spectra for MCE 
of test frame specimens S2-CA-G1 and S2-CA-G2, where G1 = conventional design method for gusset 
plates; G2 = balanced design method for gusset plates.
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(a) (b)
Figure 12: Comparison of the (a) displacement and (b) acceleration elastic response spectra for MCE 
of test frame specimens S2-CB-G1 and S2-CB-G2, where G1 = conventional design method for gusset 
plates; G2 = balanced design method for gusset plates.

3.3 Displacement ductility
The maximum relative storey displacement, ΔD, and frame displacement ductility, , observed in  𝜇
each shake table test are presented in Table 4. The frame displacement ductility, μ, values are 
obtained by dividing the maximum lateral displacement achieved before brace failure, ΔD, by the 
lateral yield displacement, Δy:

𝜇 =
∆𝐷

∆𝑦
(3)

The yield displacement of a CBF is governed by the conditions causing yielding of the bracing 
elements, as described in Salawdeh and Goggins (2016). The yield displacement of the frame, Δy, is 
found by the following equation:

∆y =     
2εyh

sin 2α
(4)

where εy is the yield strain of the brace element, h is the frame height and α is the brace angle with 
the horizontal. 

Previous studies employing quasi-static cyclic testing have identified the influence of brace 
slenderness, , and cross-section width-to-thickness ratio, b/t, on the ductility capacity of hollow 𝜆
steel bracing members (Goggins et al, 2006). The ductility data in Table 4 allows the additional 
influence of connection type and detailing to be evaluated, including the potential benefits of the 
balanced design approach. 

Four pairs of tests (Tests 1 and 5, Tests 2 and 7, Tests 4 and 6, and Tests 9 and 11) examined the 
response of brace-gusset plate specimens with the same cross-section size and connection type, but 
different gusset plate design approaches (G1 or G2). In each of these pairs, the test with the 
specimen designed using the balanced design approach (G2) displays a higher ductility value in Table 
4. There are also four pairs of tests that examined the same cross-section size and gusset plate 
design approach (Tests 1 and 8, Tests 4 and 9, Tests 6 and 11, and Tests 7 and 12), but employed 
different connection types (CA or CB). In two of these pairs, the higher ductility value is observed 
with the CA specimen, but in the other two pairs it is observed with the CB specimen. It is also 
possible to identify five pairs of tests with the same cross-section size, but in which both the 
connection type and gusset plate design approach are different (Tests 3 and 10, Tests 4 and 11, Tests 
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9 and 6, Tests 8 and 5, and Tests 2 and 12). In four of these pairs, the test that used the balanced 
design approach displays a higher ductility value in Table 4, irrespective of the connection type.

Table 4: Maximum drift, frame ductility and total energy dissipation in MCE tests
Test 

#
Specimen 

ID
dr 

(%)
Δy 

(mm)
ΔD 

(mm) μ En

(kN.m) En / Ei

1 S1-CA-G1 1.0 6.7 27.5 4.1 13.5 0.33
5 S1-CA-G2 1.7 6.3 47.6 7.5 97.6 0.92

2 S3-CA-G1 1.5 7.0 42.0 6.0 46.2 0.75
7 S3-CA-G2 1.9 6.9 53.2 7.7 61.1 0.89

2* S3-CA-G1 1.9 7.0 52.1 7.5 35.6 0.79
7* S3-CA-G2 3.2 6.9 89.2 12.9 53.8 0.93

4 S2-CA-G1 1.5 6.2 42.3 6.9 67.5 0.83
6 S2-CA-G2 2.1 6.4 57.4 9.0 67.2 0.86

3 S4-CA-G1 0.8 6.3 22.8 3.6 23.5 0.61
10 S4-CB-G2 1.8 6.6 49.6 7.6 52.4 0.91

3* S4-CA-G1 2.5 6.3 70.1 11.1 93.4 0.91
10* S4-CB-G2 3.8 6.6 103.7 15.8 55.3 0.87

9 S2-CB-G1 1.2 6.32 31.7 5.0 8.9 0.79
11 S2-CB-G2 1.9 6.44 51.2 8.0 63.8 0.90

8 S1-CB-G1 1.7 6.3 46.6 7.5 52.8 0.78

12 S3-CB-G2 3.5 6.95 97.4 14.0 48.4 0.92
*Additional test run executed to cause fracture in one or both braces

Figure 13 shows the variation of frame ductility with brace-gusset plate balance factor, βww, across all 
tests. Two groups of tests are identifiable: low βww values where conventional gusset plate design 
was employed (G1 specimens) and high βww values where the balanced design approach was used 
(G2specimens). Higher βww values are consistently associated with higher frame ductility.

Figure 13: Variation of frame displacement ductility with gusset plate balance factor, βww.
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3.4 Energy dissipation
To satisfy life safety and collapse prevention requirements CBFs in high seismic regions should 
possess an adequate energy dissipation capacity. The conventional design approach seeks to ensure 
that seismic energy can be dissipated through cyclic yielding and buckling of brace members only, 
without any contribution by the connection elements. The application of the balanced design 
approach aims to exploit the additional energy dissipation potential of the gusset plates, thereby 
reducing inelastic deformation demands on the bracing members themselves.

The total energy dissipated (En) throughout the duration of each shake table test is presented in 
Table 4. The energy dissipated is equal to the total area enclosed in the storey shear versus relative 
displacement hysteretic loops. These data allow the energy dissipated by specimens with different 
connection types and design approaches to be compared. To facilitate this comparison, the energy 
dissipated, En, is normalised by the input energy, Ei, from the table excitation. The input energy is 
found by the following equation:

Ei =     ∫𝑡

0
𝑚𝑢𝑡𝑑𝑢𝑔 (5)

where m is the mass of the test frame,  is the absolute acceleration and  is the ground 𝑢𝑡 𝑢𝑔

displacement.

During the seismic excitation, the input energy transforms into kinetic energy (expressed as frame 
motion) and absorbed/dissipated energy (expressed as member deformations). The more energy is 
dissipated through inelastic deformations, the less kinetic energy the system possesses. Thus, the 
closer the energy ratio En / Ei is to unity, the less kinetic energy there is in the dynamic system and, 
conversely, the greater the energy that has been dissipated by the system. On the other hand, a non-
dissipating elastic system would have maximum kinetic energy, with En / Ei = 0. A complete derivation 
for the above equations is given elsewhere (Goggins 2004).

It is found that when comparing specimens having the same brace cross-section sizes but different 
gusset plate design methods, higher En / Ei ratios are always observed in the tests on frames with 
brace-gusset plate specimens that employed the balanced design approach (G2). This is always the 
case, regardless of connection type (CA or CB) or brace cross-section size. Figure 14 presents the 
variation in the En / Ei ratio with the specimen balance factor, βww. The higher βww factors achieved 
using the balanced design approach lead to energy dissipation ratios in the range 0.86-0.93; while 
the lower βww factors arising with the standard design approach lead to En / Ei ratios in the range 
0.33-0.91.
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Figure 14: Variation of dissipated energy to input energy ratio with gusset plate balance factor, βww

3.5 Strain measurements
In all tests, local deformation demands in the right-hand brace-gusset plate specimens were 
measured using strain gauges. No strain gauges were placed on the left-hand brace to facilitate a 
photogrammetry measuring technology system (Broderick et al, 2015). Strain gauges were 
positioned in a standard layout on the brace and gusset plates, as shown in Figure 15, with each 
strain gauge identified by a number prefixed with ‘SG’. Gauges located at and near the brace mid-
length (including SG1 and SG2) were used to estimate bending in the brace and the degree of plastic 
hinge development. SG4 and SG5 were located within and outside of the expected plastic hinge 
zones in the gusset plate, respectively. SG6 and SG7 were positioned to monitor the compression and 
tension induced in the gusset plate during frame rotation. At all locations, linear pattern Vishay CEA-
06-125UW-120 gauges were used. Their strain range was ±5% with a gauge length of 3.18 mm and 
with a resistance of 120±0.3% Ω.

Figure 15: strain gauge layout on right-hand brace-gusset plate specimens
The measured strain responses of the brace specimens are shown in Figure 16 to Figure 24.   The 
dashed lines in these figures indicate ±εy, where εy is the yield strain of the brace or gusset plate, 
determined as the 0.2% proof strength measured in steel coupon testing. In most of the tests, large 
plastic strains were observed at strain gauges SG1 and SG2 located at mid-length of the right-hand 
brace. In some tests these strain values reached almost ten times the yield strain. Strains at this 
location can be due to brace elongation or buckling, including local bucking in the mid-length plastic 
hinge. Inelastic strains were also measured in all tests at SG4 located within the standard linear 
clearance or elliptical clearance plastic hinge zones of the gusset plates. This reflects the expected 
gusset yield mechanism for gusset plates designed using the conventional design method, G1, and 
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the balanced design method, G2. The strain response at SG5 located just outside the expected 
plastic hinge zone remained within its elastic limits during most tests. Of the four specimens in which 
yielding were observed at SG5, three of these (Tests 5, 6 and 11) were designed using the balanced 
design approach. In each case, however, the strains measured at SG5 are much smaller than those 
measured at SG4. Overall, the strain gauge results indicate that the brace-gusset plate specimens 
performed as intended, with yielding in the brace members and within the linear or elliptical 
clearance zones of the gusset plates.

Figure 16: Strain gauge measurements in Test 2: S3-CA-G1 (a) at brace mid-length, (b) in gusset plate. 

Figure 17: Strain gauge measurements in Test 2*: S3-CA-G1 (a) at brace mid-length, (b) in gusset 
plate. 

Figure 18: Strain gauge measurements in Test 3: S4-CA-G1 (a) at brace mid-length, (b) in gusset plate. 

(a) (b)

(a) (b)

(a) (b)



22

Figure 19: Strain gauge measurements in Test 4: S2-CA-G1 (a) at brace mid-length, (b) in gusset plate. 

Figure 20: Strain gauge measurements in Test 5 (S1-CA-G2) (a) at brace mid-length, (b) in gusset 
plate. 

Figure 21: Strain gauge measurements in Test 6 MCE (S2-CA-G2) (a) at brace mid-length, (b) in gusset 
plate. 

Figure 22: Strain gauge measurements in Test 9: S2-CB-G1 (a) at brace mid-length, (b) in gusset plate.  

(a)

(a)

(b)

(b)

(a) (b)
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Figure 23: Strain gauge measurements in Test 10: S4-CB-G2 (a) at brace mid-length, (b) in gusset 
plate.

Figure 24: Strain gauge measurements in Test 12: S3-CB-G2 (a) at brace mid-length, (b) in gusset 
plate. 

4 Discussion and Seismic Design Implications
4.1 Strain and ductility demands
Two different gusset plate detail methods have been investigated in this study, namely the Standard 
Linear Clearance (SLC) method and Elliptical Clearance (EC) method. Of these two methods, it had 
already been shown that the EC method provides the most economic gusset plate geometries. The 
experimental results presented here confirm that when employed within the balanced design 
approach this method also leads to superior gusset plate and system performance in terms of 
ductility capacity and energy dissipation. With reference to Table 4, the range of recorded 
displacement ductility for the frames using the SLC and EC methods are 3.6-7.5 and 7.7-15.8, 
respectively, with an average ductility of 5.8 for the SLC method and 11.2 for the EC method. 
Interestingly, the minimum measured ductility for the EC method is larger than the maximum 
recorded value for the SLC method. 

Considering the strain measurements reported in the previous section, and comparing the plastic 
strains measured in specimens with similar cross-section sizes and configurations, but utilising the 
different gusset plate design methods, the EC designed gusset plates are observed to experience 
larger plastic strains in the offset region of the plate. As the EC gusset plates are more compact and 
more ductile than their SLC counterparts, they can be expected to experience these larger inelastic 
strains, and therefore may be more susceptible to low cycle fatigue failure than SLC designed gusset 
plates. 

For the specimens which utilised the EC designed gusset plates, the measured plastic strains in the 
braces and the gusset plates range from 10,000-20,000m/m and 6000-15000m/m, respectively. 

(a)
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Across all MCE excitation tests, considering EC gusset plates which were connected to both beam and 
column (CA), the strain demands in the brace members were between 1.3 and 1.6 times those in the 
gusset plates. The orthogonal nature of this connection type leads to more consistent strain 
measurements than in the beam-only connection type (CB), as the beam-only gusset connection 
tends to undergo in-plane folding/squashing due to its one-sided connection. As no failure of any of 
the gusset plates was observed in the shake table tests reported in this paper, and all braces 
fractured close to their mid-lengths, the reported differential strain hierarchy between the brace and 
connection appears to give appropriate protection to prevent low cycle fatigue of the gusset plates. 
A factor of 1.5 is therefore proposed to ensure that the brace member fails in fracture due to low 
cycle fatigue prior to the gusset plate. 

Further to the above, as low cycle fatigue is not explicitly modelled in most finite element models for 
seismic analysis (due to the additional complexity and computational demand), the brace strains 
observed in the shake table tests in which fracture occurred (εpl = 10,000-20,000μm/m) could instead 
be used to gauge the likely onset of low cycle fatigue and, hence, failure in such analyses. Based on 
the measured yield properties for the brace members, the aforementioned plastic strain ranges 
equate to approximately ten times the brace yield strain, εy.

4.2 Balanced design approach
As well as the performance benefits of the EC method over the SLC method, if the objective of 
providing a balanced design approach is considered, the balance factors presented in Table 2 indicate 
that the EC gusset plate detail allows balance factors that are approximately double those possible 
with the SLC method. Another way to consider this would be to invert the balance factors (1/βww) 
and assess the over-strength capacity of the gusset plate compared to the brace. On average, for the 
SLC method, this would result in a gusset plate over-strength capacity of 3.33 compared to 1.49 for 
the EC method. Therefore, the SLC method design supports a fully capacity designed gusset plate, 
which is unlikely to provide a secondary yielding mechanism. Hence, the EC method is the only 
detailing method that supports the balanced design approach set out in Roeder (2002).

The balanced design values in Lehman et al.  (2008), were based on Ry values of 1.4 and 1.1 for the 
brace and gusset plate, respectively. These values need to be reviewed prior to their application to 
CBF design to other codes, including Eurocode 8 (CEN 2004). Currently, for design of non-dissipative 
connections in Eurocode 8, the connections should be designed to resist the overstrength capacity of 
the dissipative member, Nov = 1.1 ɣov Npl,Rd, where Npl,Rd represents the plastic axial resistance of the 
dissipative brace. This already permits some inherent hierarchy of yielding in the connection 
considering the overstrength demands that should be used to design the other elements that make 
up the connection (i.e. beam and columns). Recognising that the beam and columns in a braced 
frame should be designed based on 1.1 ɣov Ω.NEd,E, where Ω represents the ratio Npl,Rd/NEd,E of the 
brace, then this should ensure that the beam and columns are stronger than the gusset plate by at 
least a factor of Ω, and in turn that the gusset plate is stronger than the brace in tension. Note that in 
Eurocode 8, the recommended value of ɣov is 1.25 for all dissipative elements. As Eurocode 8 
currently provides no further design guidance for dissipative connections, the value of ɣov only 
applies to the dissipative element in the system, i.e. the brace. Eurocode 8 does, however, allow the 
use of dissipative semi-rigid or partial strength connections provided the following conditions are 
satisfied: (i) the connection elongation capacity is consistent with global deformations and/or, (ii) the 
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effect of connection deformation on global drift are accounted for through either a nonlinear static 
or nonlinear time history analysis.

For a balanced design approach, the gusset plate would need to be classified as a dissipative element 
and nonlinear analysis may be required to confirm that the connection satisfies drift requirements 
according to Eurocode 8. Further material testing may be required for each of the different 
dissipative elements to provide guidance on the appropriate ɣov values to use for both braces and 
gusset plates.

4.3 Gusset plate compression design
As the above discussions clearly show, the EC method for design of gusset plates provides the most 
robust frame behaviour. This section discusses some primary design considerations for braced 
frames incorporating this method for gusset plate sizing. The gusset plates included in this study 
were connected to both the beam and column (connection CA) or connected to the beam only 
(connection CB). Further to the design criteria for the EC method and the balance design approach, 
the gusset plate needs to be designed to accommodate the compressive demands expected in real 
structures. In order to calculate the buckling capacity of the gusset plates, the Thornton Method is 
the most widely used approach to estimate the unbraced buckling length of the plate (Thornton 
1991). The Thornton model allows the design plate buckling resistance to be determined by treating 
the gusset plate as a slender strut element with an assumed effective length and uniform cross-
section equal to the area of the Whitmore section. The effective strut length is taken as the average 
of three lengths (Lavg) projected from the Whitmore width to the beam and column flanges. This is 
shown graphically in Figure 25. 

Roeder et al. (2004) applied an effective length factor of K=0.65 to this length, considering both ends 
of the gusset plate strut to be the effectively restrained against rotation and translation. In this 
project, however, to ensure that plate buckling is avoided in all tests, a more conservative value for 
the effective length factor of K=1.2 was used to calculate the gusset plate buckling capacity. This 
value assumes fixed rotation and free translation at the brace end of the gusset plate (Figure 25c) to 
account for the large out-of-plane brace deformation that occurs at high drift demands. 

Whitmore
Width

lh

lv

(a)

Average
Length,Lavg

Lfg

(b)

(c)
Figure 25:  Schematic of (a) Whitmore section width and (b) Thornton method for establishing 
average length Lavg of gusset plate section under compression; (c) Schematic showing section of 
gusset plate and treatment of boundary conditions for buckling capacity.
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4.4 Frame drifts for tension only CBFs
Consideration of the drift behaviour of CBFs, which are essentially tension-only frames once the 
compression brace buckles, requires careful consideration. As the inelastic demand is concentrated 
into the brace when the frame responds inelastically, the plastic extension of the braces may not be 
recovered when the direction of loading reverses. This can result in residual drift increasing as the 
number of hysteretic excursions increases. For this reason, some codes, (for example, the New 
Zealand Steel Standard), limit the height of CBF buildings, depending on the design ductility to 
control these unfavourable performance issues (NZS 3404:Part 1 1997, NZS 3404:Part 2 1997). 
Furthermore, NZS 3404, also requires that the design lateral displacement is increased by a factor of 
2.0 when design analysis of tension-only CBF buildings is performed using elastic methods.

The shake table test results reported in this paper indicate that that form and design of the brace 
connection may influence frame drift demand. The use of connections to the beam only, and of the 
balanced design approach for gusset plates are both likely to increase frame flexibility by reducing 
the rotation stiffness of the beam-to-column joint. The effect of this flexibility (and any associated 
change in frame lateral resistance) on drift response is likely to be strongly influenced by the 
frequency characteristics of the ground motion, and to be difficult to model using simplified 
techniques.  

5 Conclusions
Two important issues in the seismic design and performance of CBFs have been identified in previous 
research studies: the potentially poor ductility capacity of brace members with hollow cross-sections, 
and brace connection detailing rules that can lead to difficult fabrication and brittle frame behaviour. 
To address both of these issues an alternative design approach has been proposed that aims to 
improve system performance by employing deliberately smaller and weaker gusset plate brace 
connections in which some yielding is expected to occur during strong ground motion. 

The results from twelve shake table experiments on full-scale, single-storey model CBFs have been 
employed to investigate this concept under realistic earthquake loading and dynamic response 
conditions. The properties of the brace members and gusset plate connections were varied between 
experiments to examine a range of feasible properties and to investigate the influence of 
conventional and improved design details on frame response. The improved gusset-plate designs 
incorporated two separate but linked approaches: the use of a balanced design approach that seeks 
to improve brace ductility by ensuring that gusset plate resistance is not considerably greater than 
brace resistance, and the detailing of an elliptical clearance plastic hinging zone that allows more 
compact gusset plate sizes. Low (approximately 0.2-0.4) balance factors (  values) where obtained 𝛽𝑤𝑤

with the conventional designs, with higher  values (approximately 0.6-0.75) achieved in the 𝛽𝑤𝑤

balanced designs. 

It was found that the balanced design approach incorporating the elliptical clearance method 
promotes greater frame drift, improved energy dissipation, and higner ductility and inelastic 
deformation capacity. Moreover, brace fracture was delayed in all tests on frames that employed the 
balanced design approach for gusset plates when compared to the conventional design approach. 
For all tests, fracture occurred in a brace member without undesirable failure modes in any other 
element. No gusset plate failures (plate fracture, plate buckling, weld or bolt failure) occurred in any 
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test, validating the capacity design and overstrength procedures employed. This is an especially 
important result given that the experimental programme included some less-common gusset plate 
connection features, such as the relatively thin gusset plates employed in the balanced design 
approach, brace connection to beam members only, and bolted (rather than welded) connection of 
the gusset plate to the beam and column frame members. Both the SLC and EC gusset plate detailing 
models successfully provided the plastic hinge yield patterns required to accommodate large out-of-
plane brace buckling deformations.

Inspection of strain gauges for most of the tests shows that strain gauges which were located within 
the plastic hinge zone (linear or elliptical clearance) of the gusset plate experienced large plastic 
strains as desired, while strain gauges that were located just outside this zone typically remained 
elastic for most of the tests. Hence, the SLC and EC detailing methods were observed to achieve the 
desired response control even under realistic dynamic response conditions induced by strong ground 
motion.
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